Abstract: Waste generation from agricultural and construction industries is growing at an upsetting rate that causes a heavy burden on landfill facilities. On the other hand, the construction industry is exhausting natural resources thereby posing environmental problems. This study investigates the potential use of agro-industrial waste such as rice husk ash (RHA) and construction waste like reclaimed asphalt pavement (RAP) as promising construction materials. The durability and physical and mechanical properties of concrete were assessed by partially replacing cement and virgin aggregates with RHA and RAP, up to 20% and 50%, respectively. A total of 22 mixes were studied, twelve of which were devoted to studying the collective effects of RHA and RAP on the engineering properties of concrete. Based on experimental results, RHA and RAP decreased slump, compacting factor, density, water absorption and sorptivity. RHA increased compressive and tensile splitting strength, whereas RAP decreased compressive and tensile splitting strength. Comparable strength and favorable sorptivity values were obtained when 15% RHA was combined with up to 20% RAP in the concrete mix. Thus, utilizing RHA and RAP as concrete ingredients can contribute to solid waste management, engineering and economic benefits.
Introduction
The construction industry consumes about 40% of the global energy; is the largest global consumer of raw materials; and is responsible for 25-40% of the world's total CO 2 emissions and 28% of solid waste in the form of construction debris [1] . Over 10 billion tons of Portland cement concrete (PCC) is produced annually worldwide due to its versatility, durability and sustainability [2, 3] . However, its production consumes a substantial amount of energy and raw materials. The cement production alone is both energy and resource intensive. It was attested that every ton of cement production consumes about 4 GJ of energy and 1.7 tons of raw materials and releases approximately 0.73-0.99 ton of CO 2 [2, [4] [5] [6] [7] . Moreover, PCC production consumes more than 8 billion tons of aggregates each year [6] . Consequently, an increasing demand for concrete will continue reducing natural stone deposits significantly thereby poses a threat on the environment [7] [8] [9] .
Concurrently, a substantial quantity of construction and agro-industrial solid wastes disposal is posing a huge threat to the environment [10] [11] [12] . For example, road maintenance and rehabilitation 
Methods
The methods adopted and followed for this study are discussed in the subsequent section. The most important test methods are summarized in Table 1 . Aggregate sampling was carried out in accordance with BS EN 932-1 (1997) [36] requirements to get representative samples for the batch. Grading of the aggregates was determined in line with BS EN 933-1 (2012) [37] procedures using test sieves of the sizes complying with BS ISO 3310-2 (2013) [38] . The RAP material was obtained through ripping and milling of old existing pavement, and then crushed manually and finally sieved using 5 mm sieve in order to separate into FRAP (grain size less than 5 mm) and CRAP (grain size greater than 5 mm). RHA was sieved using 0.10 mm sieve. The specific gravity and water absorption of coarse and fine aggregates were determined as per BS EN 1097-6 (2013) [39] . Bulk density and voids in aggregates were determined in line with the procedures defined in ASTM (2003) [40] . Aggregate crushing and impact tests were performed according to the procedures specified in IS 2386: Part IV (2002) [41] .
Mix Design and Mixing Procedures
The mix design for 25 MPa Portland cement concrete (PCC) was done in accordance with BS EN 206 (2014) [42] and BS EN 8500-2 (2012) [43] . A total of 22 mixtures were prepared. Table 2 portrays the particulars of studied mixture proportions. In all the mixtures, 254 kg/m 3 of water and water to cementitious material ratio of 0.65 were kept constant. The first phase of the study was replacing cement by 5, 10, 15 and 20% RHA (by weight of cement) to assess the effect of RHA on wet and 
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The methods adopted and followed for this study are discussed in the subsequent section. The most important test methods are summarized in Table 1 . 
Test Methods for Material Characterization
Aggregate sampling was carried out in accordance with BS EN 932-1 (1997) [36] requirements to get representative samples for the batch. Grading of the aggregates was determined in line with BS EN 933-1 (2012) [37] procedures using test sieves of the sizes complying with BS ISO 3310-2 (2013) [38] . The RAP material was obtained through ripping and milling of old existing pavement, and then crushed manually and finally sieved using 5 mm sieve in order to separate into FRAP (grain size less than 5 mm) and CRAP (grain size greater than 5 mm). RHA was sieved using 0.10 mm sieve. The specific gravity and water absorption of coarse and fine aggregates were determined as per BS EN 1097-6 (2013) [39] . Bulk density and voids in aggregates were determined in line with the procedures defined in ASTM (2003) [40] . Aggregate crushing and impact tests were performed according to the procedures specified in IS 2386: Part IV (2002) [41] .
Mix Design and Mixing Procedures
The mix design for 25 MPa Portland cement concrete (PCC) was done in accordance with BS EN 206 (2014) [42] and BS EN 8500-2 (2012) [43] . A total of 22 mixtures were prepared. Table 2 portrays the particulars of studied mixture proportions. In all the mixtures, 254 kg/m 3 of water and water to cementitious material ratio of 0.65 were kept constant. The first phase of the study was replacing cement by 5, 10, 15 and 20% RHA (by weight of cement) to assess the effect of RHA on wet and hardened properties of concrete. In the second phase, FVA and CVA were replaced by 10, 20, 30, 40 , and 50% FRAP and CRAP (by weights of FVA and CVA) respectively to ascertain the influence of RAP on the properties of concrete. The third phase was to ascertain the collective effects of RHA and RAP on engineering properties of concrete. SNNGSP was used at 0.5, 0.85, 2, and 2.75% (by weight of cementitious material) for 5, 10, 15, and 20% RHA content respectively. SVCSP (more powerful than SNNGSP) was used at 0.5, 0.7, 0.9, and 1.1% (by weight of cementitious material) for RHA and RAP combined mixtures. Manual mixing was performed as per BS EN 1881-125 (2013) [44] with a control mechanism to prevent the loss of cementitious materials and water quantified during mixture proportioning. The chemical analysis of cement and RHA were conducted as per BS EN 196-2 (2013) [45] test method. The specific gravities of cement and RHA were done in accordance with ASTM C188 (2016) [46] . 
Test Methods for Fresh Concrete Properties
Fresh concrete properties were assessed by conducting slump, compacting factor, and fresh density tests. Three replicate specimens were prepared for each test. Sampling for testing was done in accordance with procedures stipulated in BS EN 12350-1 (2009) [47] . Slump, compacting factor and fresh density was determined in accordance the procedures specified in BS EN 12350-2 (2009) [48] , BS 1881-103 (1993) [49] , and BS EN 12350-6 (2009) [50] respectively.
Test Methods for Hardened Concrete Properties
Cubes of dimensions 100 mm × 100 mm × 100 mm and cylinders with a diameter of 100 mm and 200 mm long conforming to BS EN 12390-1 (2012) [51] requirements were used to make concrete specimens for compressive and tensile splitting strength test respectively. A total of 132 cube and 66 cylinder specimens were made and cured in accordance with the methods specified in BS EN 12390-2 (2009) [52] for 7 and 28 days compressive and 28 days tensile splitting strength test respectively. Three replicate specimens were prepared for each test. Compressive and tensile splitting strength of concrete were determined according to BS EN 12390-3 (2009) [53] and BS EN 12390-6 (2009) [54] test method respectively. Specimens were loaded to failure in automatic computerized testing machine conforming to BS EN 12390-4 (2000) [55] .
Density, water absorption and void spaces in concrete were determined consistent with ASTM C642 (2013) [56] . Three replicate specimens were prepared for each test. A total of 66 cubes of dimensions 100 mm × 100 mm × 100 mm were made and cured for 28 days. The samples were dried in an oven for 72 h at a temperature of 105 • C until the change in mass was less than 0.5%. Then, the samples were put in the water at an average temperature of 21.5 • C for about 72 h until the increase in saturated surface dried mass was less than 0.5%. Finally, the specimens were placed in a receptacle, covered with tap water, and boiled for 5 h and then cooled by natural loss of heat for 15 h to a final average temperature of 22.5 • C.
Sorptivity by the concrete specimens was determined in accordance with ASTM C1585 (2013) [57] test methods. Three replicate specimens were prepared for each test. A total of 66 cubes of dimensions 100 mm × 100 mm × 100 mm were made and cured for 28 days for the sorptivity test. The specimens were dried in an oven at 110 • C temperature for 24 h and then remained in an oven at a temperature of 50 • C for 3 days. After 3 days, each specimen was placed inside a container and stored at an average temperature of 22 • C for 15 days before the start of the absorption procedure. The specimens were removed from the storage container and the 5 faces of the specimens were sealed properly to deter entrance of moisture while the opposite face left open and exposed to water. The initial weight of the specimens was recorded after sealing and submerged in water about 3.5 mm above the bottom face. The weight gain was determined for each test specimens at interval of time 5, 10, 30 min, 1, 2, 3, 4, 5, and 6 h.
Results and Discussion

Material Characterization
Virgin aggregates (VA) and RAP materials were characterized in terms of gradation, fineness modulus, water absorption, specific gravity, bulk density, void content, ACV, and AIV.
Physical and Mechanical Properties of Materials
The specific gravity, water absorption, bulk density, aggregate crushing value (ACV), aggregate impact value (AIV) of aggregates, among others, are tabulated in Table 3 . Gradation results of coarse and fine aggregates are depicted in Figures 2 and 3 respectively. As can be seen from the figures, the grading of CVA and FVA met the grading requirements of BS 882 (1992) [58] . dimensions 100 mm × 100 mm × 100 mm were made and cured for 28 days for the sorptivity test. The specimens were dried in an oven at 110 °C temperature for 24 h and then remained in an oven at a temperature of 50 °C for 3 days. After 3 days, each specimen was placed inside a container and stored at an average temperature of 22 °C for 15 days before the start of the absorption procedure. The specimens were removed from the storage container and the 5 faces of the specimens were sealed properly to deter entrance of moisture while the opposite face left open and exposed to water. The initial weight of the specimens was recorded after sealing and submerged in water about 3.5 mm above the bottom face. The weight gain was determined for each test specimens at interval of time 5, 10, 30 min, 1, 2, 3, 4, 5, and 6 h.
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Material Characterization
Physical and Mechanical Properties of Materials
The specific gravity, water absorption, bulk density, aggregate crushing value (ACV), aggregate impact value (AIV) of aggregates, among others, are tabulated in Table 3 . Gradation results of coarse and fine aggregates are depicted in Figures 2 and 3 respectively. As can be seen from the figures, the grading of CVA and FVA met the grading requirements of BS 882 (1992) [58] . The grading of CRAP was slightly outside the limits and while that of FRAP was within the limits specified in BS 882. It is apparent from the figure that CRAP was finer than CVA whereas, FRAP was coarser than FVA. Similar findings were reported by previous study [28] . The fineness of CRAP and coarseness of FRA might be attributed to the fragmentation of CRAP materials during crushing and agglomeration of particles respectively and their sources as well. All coarse aggregates used in this study had 19.1 mm nominal maximum aggregate sizes. The fine aggregates particle sizes were between 0.15 and 5 mm. FVA and FRAP had fineness modulus of 2.65 and 3.61 respectively.
RAP materials had lower specific gravity than that of virgin aggregates. This is consistent with the findings by [25] . The lower specific gravity of RAP may be attributed to the substantial amounts of low-density asphalt-mortar coatings on the RAP surfaces and its source as well. The water absorption of RAP was found to be lower than that of VA. The reason might be attributed to the asphalt coating around both coarse and fine RAP that could hinder the maximum possible amount of water which could have been absorbed by the aggregates. RAP materials had lower loose and rodded bulk density than that of virgin aggregates. RAP materials also showed higher void space than that of virgin aggregates which may demand a higher amount of cement paste to fill the total surface area in order to produce quality concrete [35] .
The ACV test done on the CRAP exhibited the abnormal result. The test specimen compressed into a single solid mass under loading. This might be due to the presence of asphalt film around RAP might bind the crushed aggregates into a single solid dense mass. The ACV and AIV values of CVA and CRAP were below the maximum limit stipulated in IS 383 (2002) [59] . CRAP had lower ACV and AIV value than that of CVA.
The specific gravity of RHA was less than that of OPC by 35%. The bulk density of RHA was also about 33% of that of OPC. The lower the specific gravity and bulk density of RHA may result in a reduction of concrete density. The maximum particle size of OPC and RHA were 90 and 100 µm respectively. Table 4 depicts the chemical composition of OPC, RHA, FRAP, and FVA. The grading of CRAP was slightly outside the limits and while that of FRAP was within the limits specified in BS 882. It is apparent from the figure that CRAP was finer than CVA whereas, FRAP was coarser than FVA. Similar findings were reported by previous study [28] . The fineness of CRAP and coarseness of FRA might be attributed to the fragmentation of CRAP materials during crushing and agglomeration of particles respectively and their sources as well. All coarse aggregates used in this study had 19.1 mm nominal maximum aggregate sizes. The fine aggregates particle sizes were between 0.15 and 5 mm. FVA and FRAP had fineness modulus of 2.65 and 3.61 respectively.
The specific gravity of RHA was less than that of OPC by 35%. The bulk density of RHA was also about 33% of that of OPC. The lower the specific gravity and bulk density of RHA may result in a reduction of concrete density. The maximum particle size of OPC and RHA were 90 and 100 µm respectively. Table 4 depicts the chemical composition of OPC, RHA, FRAP, and FVA. [60] to be used as a good pozzolana. The free calcium oxide (CaO) content was less than the upper bound (1.5%) specified in BS EN 450-1 (2012). This indicates the ability of the RHA to convert the free lime (Calcium hydroxide) to a C-S-H gel [60] that makes the concrete strong. The loss on ignition (LOI) of RHA was greater than that of cement but satisfied the limits specified in BS EN 450-1 (2012) [60] . LOI denotes the amount of unburnt carbon residue in the RHA that is responsible for an increase in water demand [32] which may have an influence on the properties of fresh concrete i.e., could result in low workability. The physical and chemical properties of superplasticizers used in the study are presented in Table 5 . Tables 6-8 show slump, compaction factor (CF) and density of fresh concrete.
• Slump
From trial mixes, it was observed that RHA caused a dramatic decrease in slump as compared to the control mix. When Sikament NNG SP was added, the slump increased by 23.33% from 60 to 74 mm at 5% RHA and 0.5% SP content. Surprisingly, it was also discovered that as the content of RHA increased, the slump decreased considerably despite increasing the dosages of SP. The slump decreased by 20, 33.33, and 75% from 60 mm to 48, 40, and 15 mm at 10, 15, and 20% RHA content with the addition of 0.85, 2, and 2.75% SP respectively. The high demand for water and the resulted lower slump might be attributed to the large specific surface area and high unburnt carbon content of RHA.
Like that of RHA, the partial replacement of virgin aggregate by RAP resulted in a substantial decrease of slump as compared to the control mix. The slump decreased by 33, 47, 62, 67, and 78% from 60 mm to 40, 32, 23, 20, and 13 mm at 10, 20, 30, 40, and 50% RAP content respectively. The reduction in slump might be attributed to absorption of the mixing water by the fine dust layers around the RAP periphery and water might also be controlled by RAP particle and was not able to move freely and thus, play no role to workability.
The inclusion of both RHA and RAP in the mix found to decrease the slump significantly as expected. However, there was a slight (3%) improvement in the slump when 0.5% Sika ViscoCrete 3088 SP was added to the concrete mix containing (5RHA + 10RAP) % as shown in Table 8 . The slump decreased steadily as the RHA and RAP content increased regardless of increasing the SP dosages. This may be attributed to the combined effects of RHA and RAP as already discussed. 
The CF values of the concrete ranged from 0.758 to 0.953 as shown in Tables 6-8 ; these values are within the ranges specified in BS 1881-103 [49] . The CF of RHA-inclusive concrete increased by 1% at 5% RHA content, whereas CF decreased by 19% as the RHA content increased to 20%. Figure 4a and Equation (1) (obtained by regression) show the relationship between slump and compaction factor. R 2 and standard error of estimate (SEE) of the model were 0.958 and 0.012 respectively.
Similarly, the CF values of RAP-inclusive concrete decreased by 5% from 0.935 to 0.892 at 50% RAP content relative to the control mix. Figure 4b and Equation (2) 
The CF values of the concrete ranged from 0.758 to 0.953 as shown in Tables 6-8 ; these values are within the ranges specified in BS 1881-103 [49] . The CF of RHA-inclusive concrete increased by 1% at 5% RHA content, whereas CF decreased by 19% as the RHA content increased to 20%. Figure  4a and Equation (1) (obtained by regression) show the relationship between slump and compaction factor. R 2 and standard error of estimate (SEE) of the model were 0.958 and 0.012 respectively.
Similarly, the CF values of RAP-inclusive concrete decreased by 5% from 0.935 to 0.892 at 50% RAP content relative to the control mix. Figure 4b and Equation (2) (1) where: C f is compacting factor; and S is the slump in mm for fresh RHA concrete (2) where: C f is the compacting factor; and S is the slump in mm for fresh RAP concrete A slight increase was observed in CF values at 5% RHA + (10-30)% RAP content, whereas CF decreased marginally for the remaining mixes. 
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where: Cf is the compacting factor; and S is the slump in mm for fresh RAP concrete A slight increase was observed in CF values at 5% RHA + [10-30]% RAP content, whereas CF decreased marginally for the remaining mixes. • Fresh Density
The fresh density of RHA-inclusive PCC decreased by 3.8% from 2480 to 2386 kg/m 3 as the RHA content in the mix increased from 0 to 20%. The reduction in fresh density might be due to the fact that the particle density of RHA (2.03) was lower than that of cement particle density (3.12). The relationship between fresh density and RHA content (obtained by regression) is depicted in Figure  6a . R 2 and SEE of the model were 0.990 and 0.008 respectively.
The mix containing RAP exhibited relatively lower fresh density compared to the mix containing virgin aggregates. The fresh density of RAP-inclusive mix decreased by 5.7% from 2480 to 2339 kg/m 3 as the RAP content in the mix increased from 0 to 50%. The reduction in density might be attributed to the fact that specific gravities of both FRAP and CRAP were lower than those of both FVA and CVA respectively. • Fresh Density
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Fresh Density
The mix containing RAP exhibited relatively lower fresh density compared to the mix containing virgin aggregates. The fresh density of RAP-inclusive mix decreased by 5.7% from 2480 to 2339 kg/m 3 as the RAP content in the mix increased from 0 to 50%. The reduction in density might be attributed to the fact that specific gravities of both FRAP and CRAP were lower than those of both FVA and CVA respectively. The fresh density for mixes containing both RHA and RAP is graphically depicted in Figure 7 . It was observed that the mixes containing both RHA and RAP had lower fresh density compared to the control mix. The mix incorporating 20% RHA + 30% RAP showed 3.6% reduction in fresh density relative to that of the control mix. The reduction in fresh density might be attributed to the collective effects pertaining to RHA and RAP as has been explained.
The fresh density for mixes containing both RHA and RAP is graphically depicted in Figure 7 . It was observed that the mixes containing both RHA and RAP had lower fresh density compared to the control mix. The mix incorporating 20% RHA + 30% RAP showed 3.6% reduction in fresh density relative to that of the control mix. The reduction in fresh density might be attributed to the collective effects pertaining to RHA and RAP as has been explained. Table 9 shows the compressive strength (CS), tensile splitting strength (TSS), bulk dry density, water absorption (w), permeable void spaces (v), and sorptivity (k) of the concrete. Average value for three replicate specimens and standard deviation (in parentheses).
Hardened Properties of Concrete
• Compressive Strength (CS)
CS test results of PCC mixtures containing RHA are depicted in Figure 8a . RHA enhanced the 7-days CS by 12.0, 16.1, 22.4, and 20.5% at 5, 10, 15, and 20% RHA content respectively relative to the control mix. Similarly, the 28-days CS was also enhanced by 4.4, 10.8, 12.5, and 9.0%. In this study, the highest 7 and 28-days CS gain was observed at 15% RHA content.
The 7 and 28 days CS test results of RAP inclusive concrete are depicted in Figure 8b . A dramatic reduction in CS was observed with an increment of RAP content in the concrete mixtures. Table 9 shows the compressive strength (CS), tensile splitting strength (TSS), bulk dry density, water absorption (w), permeable void spaces (v), and sorptivity (k) of the concrete. Average value for three replicate specimens and standard deviation (in parentheses).
The 7 and 28 days CS test results of RAP inclusive concrete are depicted in Figure 8b . A dramatic reduction in CS was observed with an increment of RAP content in the concrete mixtures. The 7 and 28-days CS decreased by 36.1 and 44.3%, relative to the control mix, respectively, at 50% RAP content. This is consistent with the results found in previous studies [23, 28, 29] . The reduction in CS might be attributed to the collective effect of higher porosity and asphalt cohesion failure, which occurs instead of the adhesive failure of the cement-asphalt interface or cohesive failure of the ITZ [26, 27] .
28-days CS decreased by 36.1 and 44.3%, relative to the control mix, respectively, at 50% RAP content. This is consistent with the results found in previous studies [23, 28, 29] . The reduction in CS might be attributed to the collective effect of higher porosity and asphalt cohesion failure, which occurs instead of the adhesive failure of the cement-asphalt interface or cohesive failure of the ITZ [26, 27] .
(a) RHA concrete (b) RAP concrete The relationship between RHA content and the 28-days CS given in Figure 9a (obtained by regression). The regression model had R 2 and SEE values of 0.950 and 0.444 respectively. The CS decreased linearly with RAP content as shown in Figure 9b . A similar trend was found by previous study [61] . From the regression analysis, linear form relationship, Equation (3) The relationship between RHA content and the 28-days CS given in Figure 9a (obtained by regression). The regression model had R 2 and SEE values of 0.950 and 0.444 respectively. The CS decreased linearly with RAP content as shown in Figure 9b . A similar trend was found by previous study [61] . From the regression analysis, linear form relationship, Equation (3) was found. R 2 and SEE values of the model were 0.902 and 1.476 respectively.
where: f c is the 28-days CS of the RAP-inclusive concrete in MPa; f co is the 28-days CS of the mix with no RAP content in MPa; and RAP is the reclaimed asphalt pavement content in %. 28-days CS decreased by 36.1 and 44.3%, relative to the control mix, respectively, at 50% RAP content. This is consistent with the results found in previous studies [23, 28, 29] . The reduction in CS might be attributed to the collective effect of higher porosity and asphalt cohesion failure, which occurs instead of the adhesive failure of the cement-asphalt interface or cohesive failure of the ITZ [26, 27] .
(a) RHA concrete (b) RAP concrete The relationship between RHA content and the 28-days CS given in Figure 9a (obtained by regression). The regression model had R 2 and SEE values of 0.950 and 0.444 respectively. The CS decreased linearly with RAP content as shown in Figure 9b . A similar trend was found by previous study [61] . From the regression analysis, linear form relationship, Equation (3) The maximum strength (27.62 MPa) obtained at 15% RHA and 10% RAP combination. Thus, it is evident that treatment of RAP by RHA possibly will be an effective way to enhance the mechanical properties of RAP incorporating concrete. •
Tensile Splitting Strength (TSS)
The 28-days TSS of the mixtures containing RHA is represented in Figure 11a . There was a gradual increment in TSS with increasing the RHA content up to 15%. The TSS peaked at 15% RHA and then decreased beyond 15% RHA. However, still 20% RHA inclusive concrete showed better strength than the control mix. The increment in strength was 2.8, 6.1, 7.5, and 5.6% at 5, 10, 15, and 20% RHA content respectively, relative to the control mix. TSS increased in a second-order polynomial with RHA content as depicted in Figure 11a (R 2 = 0.96 and SEE = 0.018). The trend for TSS was similar to that of CS. The increment in TSS might be ascribed to the development extra of C-S-H gel due to the active silica content of RHA.
TSS decreased linearly with increasing the RAP content as can be seen in Figure 11b (R 2 = 0.98 and SEE = 0.052). TSS decreased by 12.2, 20.7, 29.6, 34.7, and 40.8% for 10, 20, 30, 40, and 50% RAP respectively. The decrement pattern for TSS was similar to that of the CS. However, the rate of strength reduction in the TSS mixtures was lower compared to the CS's. This is consistent with previous study [26] . From regression analysis, a power form relationship was found between the 28 days TSS and CS of RHA inclusive concrete as shown in Equation (4) • Tensile Splitting Strength (TSS)
TSS decreased linearly with increasing the RAP content as can be seen in Figure 11b (R 2 = 0.98 and SEE = 0.052). TSS decreased by 12.2, 20.7, 29.6, 34.7, and 40.8% for 10, 20, 30, 40, and 50% RAP respectively. The decrement pattern for TSS was similar to that of the CS. However, the rate of strength reduction in the TSS mixtures was lower compared to the CS's. This is consistent with previous study [26] . •
TSS decreased linearly with increasing the RAP content as can be seen in Figure 11b (R 2 = 0.98 and SEE = 0.052). TSS decreased by 12.2, 20.7, 29.6, 34.7, and 40.8% for 10, 20, 30, 40, and 50% RAP respectively. The decrement pattern for TSS was similar to that of the CS. However, the rate of strength reduction in the TSS mixtures was lower compared to the CS's. This is consistent with previous study [26] . From regression analysis, a power form relationship was found between the 28 days TSS and CS of RHA inclusive concrete as shown in Equation (4) From regression analysis, a power form relationship was found between the 28 days TSS and CS of RHA inclusive concrete as shown in Equation (4) and Figure 12a (R 2 =0.99 and SEE= 0.004).
where: f c and f ct are the 28-days CS and TSS of the RHA inclusive concrete respectively, in MPa.
The exponential form relationship was found between the 28 days TSS and CS of RAP inclusive concrete as presented in Figure 12b (R 2 = 0.97 and SEE = 0.0526). Equations (5) and (6) were obtained by regression.
where: f c and f ct are the 28-days CS and TSS of the RAP inclusive concrete respectively, in MPa. The experimental results of TSS of both RHA and RAP inclusive PCC and its relationship with CS are depicted in Figures 13 and 14 respectively. TSS was improved by 4.7% at 15% RHA and 10% RAP content compared to the control specimen's result which was similar to the CS results. TSS and CS were positively correlated (R 2 = 0.928 and SEE = 0.065) with a power function as shown in Equation (7). The experimental results of TSS of both RHA and RAP inclusive PCC and its relationship with CS are depicted in Figures 13 and 14 respectively. TSS was improved by 4.7% at 15% RHA and 10% RAP content compared to the control specimen's result which was similar to the CS results. TSS and CS were positively correlated (R 2 = 0.928 and SEE = 0.065) with a power function as shown in Equation (7). 

Water Absorption
The water absorption after immersion (wi) and after immersion and boiling (wi&b) decreased with increasing RHA content as shown in Figure 15a . The minimum relative percentage of reduction in water absorption were 0.7 and 1.2% for wi and wi&b respectively at 5% RHA content whereas, the maximum relative percentage of reduction in water absorption were 1.3, and 2.0% for wi, and wi&b respectively at 20% RHA content. This reduction could be due to the fact that the finer HHA particles might have filled the pore spaces in the concrete. The water absorption is correlated to RHA content in a power function as shown in Equations (8) The experimental results of TSS of both RHA and RAP inclusive PCC and its relationship with CS are depicted in Figures 13 and 14 respectively. TSS was improved by 4.7% at 15% RHA and 10% RAP content compared to the control specimen's result which was similar to the CS results. TSS and CS were positively correlated (R 2 = 0.928 and SEE = 0.065) with a power function as shown in Equation (7). • Water Absorption
The water absorption after immersion (w i ) and after immersion and boiling (w i&b ) decreased with increasing RHA content as shown in Figure 15a . The minimum relative percentage of reduction in water absorptions were 0.7 and 1.2% for w i and w i&b respectively at 5% RHA content, whereas the maximum relative percentage of reduction in water absorption were 1.3, and 2.0% for w i , and w i&b respectively at 20% RHA content. This reduction could be due to the fact that the finer HHA particles might have filled the pore spaces of the concrete. The water absorption is correlated to RHA content in a power function as shown in Equations (8) and (9) . The w i&b values are slightly higher than those of w i .
The water absorption of RAP inclusive concrete decreased with increasing RAP content, as can be seen from Figure 15b . The minimum w i and w i&b were 6.4, and 6.9%, with relative percentage reduction of 10.94 and 6.20% respectively at 50% RAP content. The reductions in water absorption might be due to the lower water absorption of RAP aggregates compared to that of virgin aggregate. The other possible reason might be due to the melted asphalt and dust layer engulfed around the aggregate could fill void spaces in the concrete [62] . The water absorption is related to RAP content in a power function as shown in Equations (10) and (11) . The w i&b values were somewhat higher than those of w i . • Water Absorption
The water absorption after immersion (wi) and after immersion and boiling (wi&b) decreased with increasing RHA content as shown in Figure 15a . The minimum relative percentage of reduction in water absorptions were 0.7 and 1.2% for wi and wi&b respectively at 5% RHA content, whereas the maximum relative percentage of reduction in water absorption were 1.3, and 2.0% for wi, and wi&b respectively at 20% RHA content. This reduction could be due to the fact that the finer HHA particles might have filled the pore spaces of the concrete. The water absorption is correlated to RHA content in a power function as shown in Equations (8) and (9) . The wi&b values are slightly higher than those of wi.
The water absorption of RAP inclusive concrete decreased with increasing RAP content, as can be seen from Figure 15b . The minimum wi and wi&b were 6.4, and 6.9%, with relative percentage reduction of 10.94 and 6.20% respectively at 50% RAP content. The reductions in water absorption might be due to the lower water absorption of RAP aggregates compared to that of virgin aggregate. The other possible reason might be due to the melted asphalt and dust layer engulfed around the aggregate could fill void spaces in the concrete [62] . The water absorption is related to RAP content in a power function as shown in Equations (10) and (11) . The wi&b values were somewhat higher than those of wi. 
where: i w is the water absorption after immersion in %; wi&b is the water absorption after immersion and boiling; RHA and is the rice husk ash content in %; and RAP is reclaimed asphalt pavement content in %. The water absorption of RHA and RAP inclusive concrete at 28 days are depicted in Figure 16 . Both i w and wi&b decreased as RHA and RAP content increased. The relative percentage reduction of wi&b (13.7%) was lower than both that of RHA inclusive concrete (1.30%) and RAP inclusive concrete (10.94%). The least wi, and wi&b found were 6.25, and 7.06% respectively at 20% RHA and 30% RAP combination. The maximum relative percentage of reduction in absorption were 13.7 and 4.2% for the respective least absorptions. The reduction of water absorption might be due to the collective effect of RHA and RAP discussed above. (11) where: w i is the water absorption after immersion in %; w i&b is the water absorption after immersion and boiling; RHA and is the rice husk ash content in %; and RAP is reclaimed asphalt pavement content in %.
The water absorption of RHA and RAP inclusive concrete at 28 days are depicted in Figure 16 . Both w i and w i&b decreased as RHA and RAP content increased. The relative percentage reduction of w i&b (13.7%) was lower than both that of RHA inclusive concrete (1.30%) and RAP inclusive concrete (10.94%). The least w i , and w i&b found were 6.25, and 7.06% respectively at 20% RHA and 30% RAP combination. The maximum relative percentage of reduction in absorption were 13.7 and 4.2% for the respective least absorptions. The reduction of water absorption might be due to the collective effect of RHA and RAP discussed above. •
Volume of Permeable Void Spaces in Hardened Concrete
The volume of permeable void spaces in hardened RHA inclusive concrete decreased slightly with increment of RHA. The voids decreased by 3.22% from 17.32 to 16.77% as the RHA content increased from 0 to 20%. The reduction in void space might be attributed to the finer siliceous particles which could fill a portion of void spaces that exist in the concrete matrix. As can be seen from Figure 17a and Equation (12), a power function was found as a good fit (R 2 = 0.970 and SEE = 0.026) to correlate RHA content with the voids. Figure 17b depicts the volume of permeable void spaces in RAP inclusive concrete. It is clear from the figure that voids decreased exponentially with an increment of RAP content. The voids decreased by 9.47% from 17.32 to 15.68% as the RAP content increased from 0 to 50%. The reduction in void space could be due to the lower water absorption of RAP aggregates compared to that of virgin aggregates and oozed out asphalt film which could fill a portion of voids spaces in concrete. As can be seen from Equation (13) 
where: v is the volume of permeable void spaces in %; and RHA is the rice husk ash content in %;
and RAP is the reclaimed asphalt pavement content in %.
A relationship between voids and water absorption for RHA concrete was determined as shown in Figure 18a and Equations (14) and (15) . According to the correlation found, water absorption decreased exponentially as the void in concrete decreased. Water absorption by RAP concrete decreased exponentially with voids in concrete as shown in Figure 18b , and Equations (16) and (17). • Volume of Permeable Void Spaces in Hardened Concrete
The volume of permeable void spaces in hardened RHA inclusive concrete decreased slightly with increment of RHA. The voids decreased by 3.22% from 17.32 to 16.77% as the RHA content increased from 0 to 20%. The reduction in void space might be attributed to the finer siliceous particles which could fill a portion of void spaces that exist in the concrete matrix. As can be seen from Figure 17a and Equation (12), a power function was found as a good fit (R 2 = 0.970 and SEE = 0.026) to correlate RHA content with the voids. Figure 17b depicts the volume of permeable void spaces in RAP inclusive concrete. It is clear from the figure that voids decreased exponentially with an increment of RAP content. The voids decreased by 9.47% from 17.32 to 15.68% as the RAP content increased from 0 to 50%. The reduction in void space could be due to the lower water absorption of RAP aggregates compared to that of virgin aggregates and oozed out asphalt film which could fill a portion of voids spaces in concrete. As can be seen from Equation (13) , an exponential function was obtained from regression analysis to correlate RAP content with the voids (R 2 = 0.995 and SEE = 0.024). •
The volume of permeable void spaces in hardened RHA inclusive concrete decreased slightly with increment of RHA. The voids decreased by 3.22% from 17.32 to 16.77% as the RHA content increased from 0 to 20%. The reduction in void space might be attributed to the finer siliceous particles which could fill a portion of void spaces that exist in the concrete matrix. As can be seen from Figure 17a and Equation (12), a power function was found as a good fit (R 2 = 0.970 and SEE = 0.026) to correlate RHA content with the voids. Figure 17b depicts the volume of permeable void spaces in RAP inclusive concrete. It is clear from the figure that voids decreased exponentially with an increment of RAP content. The voids decreased by 9.47% from 17.32 to 15.68% as the RAP content increased from 0 to 50%. The reduction in void space could be due to the lower water absorption of RAP aggregates compared to that of virgin aggregates and oozed out asphalt film which could fill a portion of voids spaces in concrete. As can be seen from Equation (13 
A relationship between voids and water absorption for RHA concrete was determined as shown in Figure 18a and Equations (14) and (15) . According to the correlation found, water absorption decreased exponentially as the void in concrete decreased. Water absorption by RAP concrete decreased exponentially with voids in concrete as shown in Figure 18b , and Equations (16) and (17). (13) where:v is the volume of permeable void spaces in %; and RHA is the rice husk ash content in %; and RAP is the reclaimed asphalt pavement content in %.
A relationship between voids and water absorption for RHA concrete was determined as shown in Figure 18a and Equations (14) and (15) . According to the correlation found, water absorption decreased exponentially as the void in concrete decreased. Water absorption by RAP concrete decreased exponentially with voids in concrete as shown in Figure 18b , and Equations (16) and (17) . 
where: i w is absorption after immersion in %; wi&b is absorption after immersion and boiling; and v is the volume of permeable void spaces in %. The volume of permeable void spaces in both RHA and RAP inclusive PCC is portrayed in Figure 19 . As expected, the relative percentage of reduction of voids (4.86%) in both RHA and RAP inclusive PCC is higher than that of RHA inclusive PCC (3.22%) but lower than that of RAP inclusive PCC (9.47) by 1.64 and 4.61% respectively. • Sorptivity
The sorptivity by RHA concrete, shown in Table 10 , was obtained from the slope of the line that is the best fit to the cumulative amount of water absorption (I) plotted against the square root of time (t 1/2 ), depicted in Figures A1 and A2 shows the cumulative amount of water absorption from which the sorptivity of RAP inclusive concrete was determined and tabulated in (14) w i&b = 3.87 × e 0.027×v (15) w i = 2.25 × e 0.067×v (16) w i&b = 3.89 × e 0.037×v (17) where:w i is absorption after immersion in %; w i&b is absorption after immersion and boiling; and v is the volume of permeable void spaces in %.
The volume of permeable void spaces in both RHA and RAP inclusive PCC is portrayed in Figure 19 . As expected, the relative percentage of reduction of voids (4.86%) in both RHA and RAP inclusive PCC is higher than that of RHA inclusive PCC (3.22%) but lower than that of RAP inclusive PCC (9.47) by 1.64 and 4.61% respectively. 
The sorptivity by RHA concrete, shown in Table 10 , was obtained from the slope of the line that is the best fit to the cumulative amount of water absorption (I) plotted against the square root of time (t 1/2 ), depicted in Figures A1 and A2 shows the cumulative amount of water absorption from which the sorptivity of RAP inclusive concrete was determined and tabulated in • Sorptivity
The sorptivity by RHA concrete, shown in Table 10 , was obtained from the slope of the line that is the best fit to the cumulative amount of water absorption (I) plotted against the square root of time (t 1/2 ), depicted in Figures A1 and A2 shows the cumulative amount of water absorption from which the sorptivity of RAP inclusive concrete was determined and tabulated in Table 11 . The effect of RHA content on the sorptivity of concrete is depicted in Figure 20a . As can be seen from Equation (18), the sorptivity decreased linearly as the RHA content increased. The sorptivity decreased by 11.1% from 1.964 to 1.746 mm/h 1/2 when RHA content increased from 0 to 20%. The reduction in sorptivity might be due to the fact that finer RHA particles filled up air voids exist in the concrete matrix, as a result of which the rate of ingress of water was inhibited. The influence of RAP content on the sorptivity of concrete is also portrayed in Figure 20b . Sorptivity decreased significantly as the content of RAP increased. A linear relationship was found between RAP content and sorptivity, and Equation (19) represents the same. Similar findings were reported in the previous studies [13, 27] . The main reason being given for the reduction in sorptivity was the melted asphalt layer surrounding the RAP aggregates. In addition, the authors of this paper believed that the reduction in sorptivity might also be ascribed to the lower water absorption by the RAP aggregates compared to that of the virgin aggregates. The effect of RHA content on the sorptivity of concrete is depicted in Figure 20a . As can be seen from Equation (18), the sorptivity decreased linearly as the RHA content increased. The sorptivity decreased by 11.1% from 1.964 to 1.746 mm/h 1/2 when RHA content increased from 0 to 20%. The reduction in sorptivity might be due to the fact that finer RHA particles filled up air voids exist in the concrete matrix, as a result of which the rate of ingress of water was inhibited. The influence of RAP content on the sorptivity of concrete is also portrayed in Figure 20b . Sorptivity decreased significantly as the content of RAP increased. A linear relationship was found between RAP content and sorptivity, and Equation (19) represents the same. Similar findings were reported in the previous studies [13, 27] . The main reason being given for the reduction in sorptivity was the melted asphalt layer surrounding the RAP aggregates. In addition, the authors of this paper believed that the reduction in sorptivity might also be ascribed to the lower water absorption by the RAP aggregates compared to that of the virgin aggregates. 
where: k and ko are the sorptivity by RHA inclusive concrete and concrete without RHA respectively in mm/h 1/2 ; and RHA is the rice husk ash content in %.
0.0236 RAP = − × o k k (19) where: k and ko are the sorptivity by RAP inclusive concrete and concrete without RAP, respectively, in mm/h 1/2 ; and RAP is the reclaimed asphalt pavement content, in %. Figures A3-A6 depict the cumulative amount of water absorption (I) plotted against the square root of time (t 1/2 ), from which the sorptivity by both RHA and RAP inclusive concrete was determined and tabulated in Table 12 . 
where: k and k o are the sorptivity by RHA inclusive concrete and concrete without RHA respectively in mm/h 1/2 ; and RHA is the rice husk ash content in %.
where: k and k o are the sorptivity by RAP inclusive concrete and concrete without RAP, respectively, in mm/h 1/2 ; and RAP is the reclaimed asphalt pavement content, in %.
Figures A3-A6 depict the cumulative amount of water absorption (I) plotted against the square root of time (t 1/2 ), from which the sorptivity by both RHA and RAP inclusive concrete was determined and tabulated in Table 12 . It is evident from experimental results that the sorptivity by RHA and RAP inclusive concrete was decreased as expected. The reduction in sorptivity ranged from 2.29 to 28.16% relative to the control specimens. The reduction in sorptivity could be due to the combined influences of RHA and RAP as already discussed.
Although sorptivity value alone does not suffice to envisage the service life of a structure [63] , according to the research conducted by Hinczak, Conroy, and Lewis, cited in the study [64] , a concrete is said to be durable if sorptivity is less than 6 mm/h 1/2 . The experimental results of this study revealed that all concrete specimens had sorptivity values under the limit specified i.e., considered as durable concrete holding other factors constant.
Conclusions
The effects of RHA and RAP on the engineering properties of concrete were studied. Based on the experimental results obtained and the analysis and discussion made, the following conclusions can be drawn:
1.
The water demand of the mix increased as the RHA and RAP content increased; as a result, the slump and compaction factor of the fresh concrete decreased significantly.
2.
The density of concrete decreased with increasing RHA and RAP content in the concrete mix. 3.
RHA-inclusive concrete exhibited an increase in both compressive and tensile splitting strength. The maximum possible strength was obtained when cement was replaced by 15% RHA.
4.
Compressive and tensile splitting strength decreased drastically as the RAP content increased beyond 20%.
5.
Comparable strength and favorable sorptivity values were obtained when 15% RHA was combined with up to 20% RAP in the concrete mix. 6.
Specimens containing both RHA and RAP exhibited lower water absorption, permeable void space and sorptivity values compared to that of the control specimens. This indicates that RHA and RAP inclusive concrete might perform better when subjected to aggressive environment. 
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